" -(hexanoyl)lysine (HEL) is a potentially useful marker of oxidative stress in animals. We investigated whether HEL might be useful as a marker in rice seeds damaged by oxidative stress during storage, as well as in animals. The germination ability of rice decreased with lipid peroxidation during storage at 40 C for three months. Moreover, we observed accumulation of HEL in the damaged rice. In addition, the activities of antioxidative enzymes, catalase and superoxide dismutase, significantly decreased in the rice seeds during storage at 40 C. These results suggest that HEL might be a useful marker of oxidative stress in rice.
Rice is the staple food in Japan and other East and Southeast Asian countries. Japan is self-sufficient in rice. Its storage stability is very important in ensuring ongoing high-quality rice availability. High temperature especially is considered to cause rapid deterioration in rice quality and germination ability during storage. Many researchers have studied how to stabilize rice quality during storage.
1,2) It has been suggested that lipid degradation is responsible for the deterioration of rice during storage. 3) Plants are constantly exposed to the toxicity of activated oxygen species (AOS). The AOS are produced as superoxide radicals (O 2 À ), hydrogen peroxide (H 2 O 2 ), and hydroxyl radicals (OH ) during metabolic processes. It has been suggested that these AOS react with lipids, proteins, and nucleic acids in a cell to induce oxidative damage. 4) Lipid peroxidation induced by AOS is considered an important reaction in membrane deterioration in the cells of plants. 5) Moreover, it has been considered to be strongly associated with a decrease in plant viabilities, such as germination ability. In rice, a deterioration in germination ability during storage is also a serious problem. We hypothesized that this deterioration might result from oxidative damage during storage at high temperatures. In contrast, it has been suggested that biomolecules such as proteins and aminolipids are covalently modified by lipid decomposition products such as aldehyde during an even earlier stage of lipid peroxidation in animals. 6) We identified N " -(hexanoyl)lysine (HEL) as one of the lipid hydroperoxide-modified lysine residues, considered to be useful markers of early lipid peroxidationderived protein modification. We have established how to measure this novel oxidative stress biomarker by ELISA antibody detection. We have reported that HEL accumulates in animal tissue in which oxidative stress is induced. [7] [8] [9] In this study, we expected that biomolecules in which proteins and/or aminolipids are modified by lipid decomposition products might be a useful oxidative stress marker in rice damaged oxidatively, as well as in animal tissue. Hence, we investigated whether the reduction in germination ability resulted from oxidative stress during storage of rice at high temperatures, and whether HEL can be used effectively as an oxidative stress biomarker in rice.
Protein oxidative damage is also considered to be an important factor in stress, since protein plays fundamental roles in biological catalysis, gene regulation, and the structure of cell components. Two tyrosine radicals, which are generated by peroxidase and other heme proteins, can react to form o,o-dityrosine (DT) as a stable end product in tissues in which oxidative stress is induced. 10) DT is also a potentially useful marker for y To whom correspondence should be addressed. Fax: +81-22-245-1534; E-mail: minato@myu.ac.jp Abbreviations: HEL, N " -(hexanoyl)lysine; DT, o,o-dityrosine; NT, nitrotyrosine; TBARS, thiobarbituric acid-reactive substance; ELISA, enzymelinked immunosorbent assay; AOS, activated oxygen species; LOX, lipoxygenase; CAT, catalase; Mn-SOD, manganese-superoxide dismutase; Cu, Zn-SOC, copper, zinc-superoxide dismutase protein oxidation in vivo, 11) because it is stable in acid hydrolysis. In addition, it has been suggested that tyrosine nitration causes serious damage to cell functions. 12) Hence, measurement of nitrotyrosine (NT) in biological fluids and tissues has been increasingly applied to monitor reactive nitrogen species. 13) In this study, we also investigated whether these oxidative stress biomolecule markers, NT and DT, accumulates as a result of oxidative stress in rice seeds during storage at high temperatures.
All organisms exposed to an aerobic environment must have some protective mechanism against such harmful oxygen species. It is known that antioxidative enzymes such as catalase (CAT) and superoxide dismutase (SOD) play an important role in the active oxygen-scavenging system. In order to clarify the correlation between antioxidative enzyme activity and storage stability as to rice quality, we also measured CAT and SOD activities in rice during storage.
The rice [Oryza sativa (L.)] Sasanishiki, which belongs to the japonica type, was cultivated at Miyagi Agricultural College, and rice with the husk was used in this study. The rice (300 g) packed in pored polyethylene film bags (350 Â 400 mm, 0.03 mm thickness) was stored at 5 C and 40 C for three months. One hundred grains of stored rice with the husk was placed on filter paper in a 9-cm Petri dish, and 15 ml distilled water was added. The dishes were placed in an incubator at 30 C, and the number of germinated seeds was counted daily for 4 d. The appearance of a coleoptile about 1 mm in length was considered to correspond to the germination stage. Twenty husked rice seeds were picked out and homogenized with 1 ml of extract buffer (50 mM phosphate buffer, pH 7.0) containing 1% Triton X-100 at 4 C. The homogenate was centrifuged at 4;500 Â g for 15 min, and the supernatant was obtained for measurement of thiobarbituric acid-reactive substance (TBARS), as described previously.
14) The rice TBARS concentration was expressed as nmol of malondialdehyde per gram of the husked rice seeds.
Twenty seeds were homogenized in 10 volumes of 50 mM sodium phosphate buffer (pH 7.4) at 4 C. The homogenate was centrifuged at 4;500 Â g for 15 min, and the supernatant obtained was used for subsequent biochemical measurement. Noncompetitive ELISA was performed for measurement of oxidative stress markers HEL, DT, and NT, as described previously. 8) Briefly, 50 ml of sample solution (10 mg proteinÁml À1 ) was pipetted into the wells and kept at 4 C for 12 h. Then the plate was incubated with the primary antibodies. After incubation, binding of the antibodies to the modified proteins was evaluated using anti-mouse/ rabbit IgG antibody peroxidase labeled with o-phenylenediamine and hydrogen peroxide.
Total catalase (CAT) activity was determined spectrophotometrically by measuring the decrease in absorbance at 240 nm at 25 C. 15) The reaction mixture contained 40 ml enzyme extract and 50 mM phosphate buffer (pH 7.0) to make a final volume 0.9 ml. The reaction was started by the addition of 200 ml of 45 mM hydrogen peroxide in the reaction buffer. Catalase activity was estimated by the decrease in absorbance of H 2 O 2 at 240 nm. One unit of CAT was defined as the amount of enzyme dismuting 1 mmole of H 2 O 2 per min. Superoxide dismutase (SOD) activity was determined essentially as described by Spychalla and Desborough. 16) The assay was performed at 25 C in a 3ml cuvette containing 50 mM Na 2 CO 3 /NaHCO 3 (pH 10.2), 0.1 mM EDTA, 0.015 mM ferricytochrom c, and 0.05 mM xanthine. It was initiated by the addition of sufficient xanthine oxidase to produce a basal rate of ferricytochrom c reduction corresponding to an increase in A 550 of 0.025. Then the amount of xanthine oxidase, which is defined as the amount of enzyme inhibiting the rate of ferricytochrom c by reduction 50%, was determined. Mn-SOD activity was determined as described above, except that the assay mixture contained 2 mM KCN to inactivate Cu, Zn-SOD. Cu, Zn-SOD was calculated from the difference between total SOD and Mn-SOD activities. Lipoxygenase (LOX) activity was determined as described by Stevens et al. 17) One hundred ml of linoleic acid was dissolved in 15 ml of absolute alcohol, and water was added to make 25 ml of stock solution. Immediately before use, 5 ml of substrate stock solution were diluted with 25 ml of 0.2 M sodium borate buffer (pH 9.0), and the solution was oxygenated by bubbling gaseous oxygen through it for a few minutes. The enzyme solution to be assayed was also diluted with 0.2 M sodium borate buffer. The reaction mixture contained 50 ml enzyme extract and 0.2 M sodium borate buffer (pH 9.0) to make a final volume of 3 ml. One unit of LOX was defined as a change in A 234 of 0.01 per min. Protein concentration was measured by the method of Lowry et al. 18) using bovine serum albumin as the standard. Each value is presented as the mean AE S.D. of triplicate assays, and was compared with that of rice immediately after harvest by Student's t-test.
We investigated rice germination ability as one index of the stability of rice quality. The rice stored at 5 C started to germinate on Day 2; almost all had germinated by Day 4. Clearly, its ability to germinate survived during storage for three months (Fig. 1) , and the level was maintained even after six months (data not shown). On the other hand, the germination rate of the rice stored at 40 C was significantly (p < 0:002) dampened; it was approximately 70% in rice stored for three months. These results show that high-temperature storage negatively influences the stability of rice germination ability. We surmised that this deterioration in germination ability resulted from oxidative stress. In rice, damage induced by oxidative stress is considered to be accompanied by lipid peroxidation. 19 ) Hence, we first determined a thiobarbituric acid-reacted substance (TBARS), which is known to be a traditional marker of early-stage lipid peroxidation induced by oxidative stress, in the rice seeds before and after storage (Fig. 2) .
The initial level was 13:9 AE 1:1 nmolÁg À1 . In the rice stored at 5 C, it did not change. On the other hand, for that stored at 40 C, the level increased significantly (p < 0:05) to 19:1 AE 1:1 nmolÁg À1 after three-months storage. These results suggest that lipid peroxidation might be responsible for the reduction in the germination ability of rice during storage at high temperature (40 C). It was also suggested that a decrease in the germination ability of rice might result from oxidative stress.
The contents of oxidative stress markers, HEL, DT, and NT, were determined by ELISA antibody assay (Fig. 3) . Each value almost corresponded to the respective background values in the rice immediately after harvest, and these markers were hardly detected. Although the level of HEL did not change in the rice during storage at 5 C, a significant (p < 0:05) increase in this biomarker was detected in rice stored at 40 C for three months (Fig. 3A) . This result significantly corresponded with the increase in the TBARS level in rice stored at 40 C. During lipid peroxidation, proteins and aminolipids can be covalently modified by lipid decomposition products. In the aliphatic aldehydes, such as 1-hexanal or 1-nonanal, the N " -amino group of the lysine residues in a protein can be modified through the formation of a Schiff base. Moreover, -and -unsaturated aldehydes, such as 4-hydroxy-2 nonenal, react with lysine, cysteine, and histidine through a Michaeltype addition. 6, 20) We have identified N " -(hexanonyl)-lysine (HEL) as an adduct with an amide bond between the N " -amino group and lipid-derived part. 7) It has reported that the antibody against this adduct was useful as a biomarker of oxidative stress in animal tissue, 8, 9) but it had not yet been reported whether HEL accumulates in plant tissue damaged by oxidative stress. As Fig. 3A shows, this HEL indeed accumulated in rice seed that underwent lipid peroxidation. Moreover, the HEL level increased simultaneously with the reduction in germination ability in the rice stored at 40 C. These results suggest that detection of HEL formation by ELISA is a useful approach to determining oxidative stress in a plant, as well as in animals, but it remains obscure whether HEL directly influenced the deterioration in rice germination ability. Elucidation of this problem requires further study. On the other hand, neither DT nor NT significantly increased compared with the initial level during storage at 40 C (Fig. 3B, C) . These results suggest that the oxidative lipid-decomposition product, HEL, accumulated in rice during storage at high temperatures. HEL should become a useful marker for oxidative stress induced by lipid peroxidation in plants as well as in animals. Suzuki et al. 19) suggested that lipid peroxidation caused by a lipoxygenase (LOX) in rice seeds resulted in oxidative deterioration during storage. Lipoxygenase activity, however, did not significantly increase during storage of rice at high temperatures for three months in this study (data not shown).
One of the plant responses to AOS production is an increase in antioxidant enzyme activities which provides protection from oxidative damage induced by several environmental stresses. Next, changes in catalase (CAT) and superoxide dismutase (SOD) activities in rice were determined. As shown in Fig. 4 , catalase activity continued during storage at 5 C, but this activity significantly (p < 0:025) decreased in rice stored at 40 C. Total superoxide dismutase activity also continued at 5 C storage, whereas it decreased significantly (p < 0:05) at 40 C storage (Fig. 5) . The changes in these antioxidative enzymes activities were well correlated with changes in germination rates and the contents of TBARS and HEL in rice during storage. Moreover, in this study, Mn-and Cu, Zn-SOD activities were determined (Fig. 5) . Mn-SOD activity did not change during storage at either 5 C or 40 C. But, Cu, Zn-SOD activity fell to one-half its initial level during storage at 40 C. This result suggests that Cu, Zn-SOD activity might play more important roles in an activated oxygenscavenging system than Mn-SOD. Activated oxygenscavenging enzymes have received a great deal of attention in relation to various kinds of stresses. Higher tolerance to environmental stresses has been associated with higher activities of antioxidant enzymes such as catalase and superoxide dismutase. 5, [21] [22] [23] In this study, as shown in Figs. 4 and 5 , although the CAT and SOD activities continued in rice stored at 5 C, their activities significantly decreased with increases in TBARS and HEL levels at 40 C. These results suggest that these antioxidant enzymes, CAT and SOD, play an important role in the resistance mechanism to oxidative stress in rice seeds during storage. It was suggested that the activity of the activated oxygen-scavenging system due to antioxidant enzymes continued during storage of rice at low temperature (5 C), thereby preventing oxidative damage in the rice. It was suggested, however, that the decrease in these antioxidant enzymes activities at high temperature (40 C) might induce the production of activated oxygen species such as H 2 O 2 and O 2 À . Then oxidative damage would occur as lipid peroxidation.
In summary, rice germination deteriorated with nonenzymatic lipid peroxidation during storage at high temperature (40 C) for a few months. The activity of antioxidant enzymes, catalase and superoxide dismutase, decreased in rice stored at 40 C. These results suggest that a deterioration in rice germination ability resulted from oxidative stress caused by lipid peroxidation during storage. N " -(hexanoyl)lysine (HEL) is known to be an oxidative lipid-decomposition product, and a powerful marker indicating oxidative stress in animal tissue in which lipid peroxidation has been induced. In the present study, we showed an accumulation of HEL in rice stressed oxidatively at high temperature. This result significantly corresponds with an accumulation of TBARS, a traditional marker of lipid peroxidation. Our findings show that HEL can be useful as an oxidative stress biomarker in plants as well as in animals.
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